Migraine is the third most common disease worldwide; however, the mechanisms underlying migraine headache are still not fully understood. Previous studies have demonstrated that a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor phosphorylation plays an important role in central sensitization of pain transmission. In the present study, we observed that AMPA receptor GluA1 Ser831 phosphorylation was enhanced in the spinal trigeminal nucleus caudalis (Sp5C) after intraperitoneal injection of nitroglycerin (NTG). The NTG injection induced acute migraine-like pain including photophobia and mechanical hypersensitivity as reported previously. Interestingly, targeted mutation of GluA1 Ser831 site to prevent phosphorylation significantly inhibited NTG-induced migraine-like pain. Moreover, NTG incubation caused a robust Ca 2þ influx in cultured brainstem neurons, which was dramatically inhibited by GluA1 S831A (serine at the 831 site of GluA1 is mutated to alanine) phospho-deficient mutation, and treatment with 1-naphthyl acetyl spermine (NASPM), a selective Ca 2þ -permeable AMPA receptor channel blocker, dose-dependently blocked the NTG-evoked increase of Ca 2þ influx in the cultured neurons. We further found that intra-Sp5C injection of NASPM significantly inhibited NTGproduced mechanical hypersensitivity. These results suggest that AMPA receptor phosphorylation at the Ser831 site in the Sp5C is critical for NTG-induced migraine-like pain.
Introduction
Migraine is a common neurological disorder featuring recurrent headache accompanied with nausea, vomiting, photophobia, and phonophobia (Society, 2013) . Currently available therapies for migraine are inadequate (Bigal and Lipton, 2008; Stovner et al., 2007) . Understanding pathogenic mechanisms of migraine headache will enable us to develop a new therapy for such pain, which will benefit hundreds of thousands of migraineurs. In the present study, we investigated the mechanisms underlying migraine using a published nitroglycerin (NTG)-induced acute migraine-like pain mouse model (Bates et al., 2010; Farkas et al., 2016; Markovics et al., 2012; Pradhan et al., 2014) . Previous studies have shown that NTG not only triggers migraine attacks in migraine-susceptible patients, but also causes headache in healthy people (Afridi et al., 2005; Christiansen et al., 1999; Iversen et al., 1989; Olesen, 2008) . The NTG-induced migraine-like pain model has been employed in both clinical and preclinical research (Bates et al., 2010; Iversen, 2001; Markovics et al., 2012; Olesen, 2008 Olesen, , 2010 . The administration of NTG in rodents causes sensory hypersensitivity associated with migraine and produces light-aversive behaviors (Bates et al., 2010; Markovics et al., 2012) . Thus, the NTG model we used in this study can effectively mimic symptoms in migraineurs.
It has been demonstrated that a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor phosphorylation is critically involved in activity-dependent changes in synaptic processing of nociceptive inputs and central sensitization of pain transmission (Choi et al., 2010; Fang et al., 2003; Lu et al., 2008; Park et al., 2009 ). The C-terminal domains of different AMPA receptor subunits have different phosphorylation sites (Bredt and Nicoll, 2003; Malinow and Malenka, 2002; Shepherd and Huganir, 2007; Song and Huganir, 2002) . Nociceptive stimulation can induce phosphorylation of AMPA receptors in the central nervous system (CNS) and in turn promote their synaptic targeting and trafficking (Choi et al., 2010; Park et al., 2009 ), which will lead to a switch of AMPA receptors from Ca 2þ -impermeable to Ca 2þ -permeable (Li et al., 2014) . It has been reported that AMPA receptors are involved in the cortical mechanisms of neuropathic pain in a spared nerve injury model (Giordano et al., 2012) . Our previous study indicates that AMPA receptor GluA1 Ser831 phosphorylation is required for the development of stress-enhanced persistent postsurgical pain (Li et al., 2014) . These results suggest that AMPA receptors and their phosphorylation contribute to central sensitization underlying chronic pain. In this study, we found that GluA1 Ser831 phosphorylation was significantly increased in the spinal trigeminal nucleus caudalis (Sp5C) after intraperitoneal (i.p.) injection of NTG. By using GluA1 S831A phospho-deficient mutant mice, we further investigated the role of AMPA receptor phosphorylation in the pathogenesis of NTG-induced migraine-like pain.
Materials and methods

Animals
Male C57BL/6 mice (8À10 weeks) and AMPA receptor GluA1 S831A phospho-deficient mutant mice with C57BL/6 genetic background (8À10 weeks) were used in this study. Animals were housed under standard conditions with a 12 h light-dark cycle, with water and food pellets available ad libitum. In all behavioral experiments, the animals were acclimated in our animal facility for a minimum of 1 week before use in experiments and acclimated in the laboratory for at least 30-60 min before testing. All animal procedures were carried out in accordance with the National Institutes of Health guide for the care and use of laboratory animals. All experiments were approved by the Animal Research and the Animal Care Committee at Texas A&M University.
Drug administration
NTG (American Regent, Shirley, NY) in a stock solution (5 mg/ ml) containing 30% alcohol and 30% propylene glycol was freshly diluted with 0.9% saline to a dose of 10 mg/kg. Thus, we used a vehicle solution including 30% alcohol and 30% propylene glycol as the control for NTG. Mice received i. p. injections of NTG or the vehicle solution at a 10 ml/kg volume. We conducted microinjection of 1-naphthyl acetyl spermine (NASPM; 0.5 ml, 3 mM in 0.9% saline; Sigma-Aldrich, St. Louis, MO) into unilateral/bilateral Sp5C using a Hamilton syringe at 30 min prior to NTG injection. For the microinjection, mice were anesthetized with 2% isoflurane and placed onto the stereotaxic instrument. After skin cut and appropriate hemostasis using sterile technic, a hole on the skull was drilled and 0.5 ml of NASPM was injected into the Sp5C according to predetermined coordinates (AP, -8.0 mm; ML, 1.5 mm; DV, 4.5 mm) (Romero-Reyes et al., 2013) . Intra-Sp5C injection of NASPM or saline control was done within 1 min and the needle was remained in place for additional 1 min. At the end of experiments, the microinjection site was confirmed histologically. The dose of NASPM we used was based on previous studies (Conrad et al., 2008; Li et al., 2015; Lu et al., 2007; Takazawa et al., 1996) .
Light-aversive behavior test
We carried out light-aversive behavior test immediately following NTG injection. A custom-made light/dark box (30 cm length Â 30 cm width Â 30 cm height) with two equally-sized compartments was used for this test as described in previous studies (Farkas et al., 2016; Markovics et al., 2012; Recober et al., 2010) . In the light/dark box, one compartment is wrapped with white paper without a lid under a LEDs illuminator (1000 lx, Fisher Scientific, USA), giving a cool, shadow-free illumination without heating, and the other compartment is wrapped with black paper and covered with a lid. There is a gate (7 Â 7 cm) connecting the two compartments. Mice were individually tested for 30 min in the light/dark box and they were allowed to move freely during the 30-min test period. We recorded the mouse behaviors using a video camera. The percentage of time the mice spent in dark compartment was calculated. All behavioral tests in this study were carried out by an investigator blinded to the treatment groups.
Paw withdrawal threshold test
Paw withdrawal threshold was measured with von Frey filaments at 2 h after NTG injection as described previously (Li et al., 2014; Pogatzki and Raja, 2003) . In brief, mice were placed on an elevated wire mesh floor and were covered with a clear Plexiglas chamber. After a habituation period of 30 min, the plantar surface of the mouse hind paw was stimulated with a series of calibrated von Frey filaments (0.08, 0.15, 0.25, 0.41, 0.7, 1.2, and 2.0 g). A positive response was defined as a licking, lifting or shaking of the paw upon stimulation. Each filament was applied five times to the plantar side of the hind paws for 1À2 s with a 10 s interval, starting from the lowest force of filament (0.08 g) continuing in ascending order. The paw withdrawal threshold was calculated as the force at which the positive response occurred in three of five stimuli.
Orofacial mechanical hypersensitivity test
The calibrated von Frey filaments were also used to test orofacial mechanical hypersensitivity at 2 h after NTG injection. The mice were placed into a 10-cm long restraining glass cylinder and allowed to poke out their heads and forepaws, but the restrainer prevented them from turning around (Farkas et al., 2016) . After acclimation for 5 min, the filament was applied to the midline of the forehead at the level of the eyes (innervated by trigeminal nerve V1 branch). A positive response was defined as a sharp withdrawal of the head upon stimulation. Each filament was applied five times to the V1-innervated skin area for 1À2 s with a 10 s interval, starting from the lowest force of filament (0.08 g) continuing in ascending order. The head withdrawal threshold was calculated as the force at which the positive response occurred in three of five stimuli.
Western blotting
The mice were sacrificed at 2 h after NTG injection under isoflurane anesthesia and the Sp5C tissues were harvested. The expression of total AMPA receptor GluA1 and phosphorylated GluA1 at the Ser831 site was analyzed with quantitative Western blotting. The affinity-purified antibodies against GluA1 (1:1000, Cat. # AB1504, Millipore, Burlington, MA, USA), phospho-GluA1-Ser831 (1:2000, Cat. # ab109464, Abcam, Cambridge, MA, USA) and phospho-GluA1-Ser845 (1:1000, Cat. # 8084S, Cell Signaling, Beverly, MA, USA) were used to assess the expression levels of total GluA1 and phosphorylated GluA1 at the Ser831/845 site, respectively. b-actin served as a loading control in all Western blot experiments. The intensities of bands in the Western blotting were quantified with densitometry. The values of phospho-GluA1-Ser831 bands were normalized to total GluA1 and expressed as a ratio of phospho-GluA1-Ser831/total GluA1.
Calcium imaging in cultured neurons
Changes in intracellular Ca 2þ concentration were measured using Fura-2-AM as described previously (El Karim et al., 2015; He et al., 2012; Jara et al., 2007; Madji Hounoum et al., 2016) . Cultured embryonic Sp5C-containing brainstem neurons were used for calcium imaging on day 7 after plating. The neurons were incubated with 6 mM Fura-2-AM in 37 C for 45 min (Chiu et al., 2013) . The ratio of F340/380 (the emission at 500 nm induced by 340 and 380 nm excitation) was used to indicate Ca 2þ influx. After basal Ca 2þ recording, the cultured neurons were incubated with 0.25 mM NTG and/or 5 mM NASPM to examine the mechanism for the effect of NTG on Ca 2þ influx.
Locomotor function test
A rotarod apparatus was used to measure locomotor function of mice. The rods in the apparatus were accelerated from 4 to 40 rpm over 5 min. The falling speed and the time to fall off the rod were recorded.
Statistical analysis
Data are expressed as mean ± the standard error of the mean (S.E.M.). All statistical analyses were performed by SigmaStat software. A Student's t-test was used for analyzing Western blotting data, one-way analyses of variance (ANOVA) was performed for calcium imaging data, and two-way ANOVA was performed for behavioral testing data. The Student-Newman-Keuls method was used for post-hoc test of ANOVA. P < 0.05 was considered statistically significant.
Results
NTG induces photophobia and migraine-like pain
NTG-induced migraine-like pain was confirmed in the present study. In C57BL/6 wild-type (WT) mice, we observed that NTG injection (i.p.) induced photophobia and mechanical hypersensitivity. Our results showed that NTG not only increased the time WT mice spent in dark compartment in the light-aversive behavior test (Fig. 1A) , but also significantly decreased both paw withdrawal threshold and head withdrawal threshold (Fig. 1B and C) . The NTGinduced light-aversive behavior only lasted for 30 min. And the NTG-induced mechanical pain in both paw and head started from 2 h post-injection and lasted about 6 h.
NTG enhances AMPA receptor GluA1 Ser831 phosphorylation in the Sp5C
To reveal whether AMPA receptor GluA1 phosphorylation is involved in NTG-induced migraine-like pain, we harvested Sp5C tissues at 2 h after NTG injection and assessed the expression of total GluA1 and GluA1 phosphorylation at the Ser831 and Ser845 sites in the Sp5C by quantitative Western blotting. We found that NTG injection enhanced Sp5C GluA1 phosphorylation at the Ser831 site compared to the vehicle control group, but had no effect on the expression of total GluA1 in the Sp5C (Fig. 2A) . Statistical analysis showed that ratio of pGluA1-Ser831/total GluA1 significantly increased following NTG injection (Fig. 2B) . We also observed that the administration of NTG did not alter Sp5C GluA1 phosphorylation at the Ser845 site ( Fig. 2C and D) .
Targeted mutation of AMPA receptor GluA1 Ser831 phosphorylation site inhibits NTG-induced migraine-like pain
To further investigate the potential role of GluA1 Ser831 phosphorylation in NTG-induced migraine-like pain, we employed AMPA receptor GluA1 S831A phospho-deficient mutant mice (Lee et al., 2003; Li et al., 2014) . In the mutant mice, GluA1 phosphorylation at the Ser831 site is mutated using a gene knock-in technique, therefore the GluA1 Ser831 in the mice cannot be phosphorylated anymore. The mutant mice showed no overt behavioral phenotype and bred normally (Lee et al., 2003; Li et al., 2014) . We also observed that the mutant mice had similar baseline values to WT mice in the light-aversive behavior test and the von Frey filament test for paw and head. In the WT mice, we confirmed that NTG injection (i.p.) induced migraine-like pain, including increased time spent in dark compartment in the light-aversive behavior test (Fig. 3A) and decreased withdrawal thresholds in the mechanical pain test (Fig. 3B and C) . Compared to the WT mice, the GluA1 S831A mutant mice displayed marked inhibition in NTGproduced photophobia and mechanical hypersensitivity. The time spent in dark compartment following NTG injection significantly decreased in the mutant mice compared to that in the WT mice (Fig. 3A) . Both paw withdrawal threshold and head withdrawal threshold at 2 h post-NTG significantly increased in the mutant mice compared to those in the WT mice ( Fig. 3B and C) . These results indicate that GluA1 phosphorylation at the Ser831 site is activities, we cultured Sp5C-containing brainstem neurons and incubated the cultured neurons with NTG (0.25 mM) on day 7 after plating. By calcium imaging, we observed that NTG incubation evoked a sharp increase of Ca 2þ influx (Fig. 4A) . Interestingly, the NTG-enhanced Ca 2þ influx was dramatically inhibited by AMPA receptor GluA1 S831A phospho-deficient mutation (Fig. 4A) . Statistical analysis showed that average maximum Fura-2 fluorescence intensity indicated by ratio of F340/380 significantly increased after NTG incubation and that the GluA1 S831A mutation markedly diminished the NTG-enhanced Ca 2þ influx (Fig. 4B) . We also observed that co-incubation with NASPM, a selective Ca 2þ -permeable AMPA receptor channel blocker (Gangadharan et al., 2011; Yin et al., 2007) , dose-dependently blocked the NTGenhanced Ca 2þ influx, though NASPM alone had no effect on Ca 2þ influx in the cultured neurons (Fig. 4C) . Statistical analysis showed that NASPM co-incubation dose-dependently counteracted the effect of NTG on Ca 2þ influx in the cultured neurons (Fig. 4D) .
Blockade of Ca 2þ -permeable AMPA receptors in the Sp5C diminishes NTG-induced migraine-like pain
To further investigate the role of Ca 2þ -permeable AMPA Fig. 2 . NTG enhances AMPA receptor GluA1 Ser831 phosphorylation in the Sp5C. (A) NTG injection enhanced Sp5C GluA1 phosphorylation at the Ser831 site compared to the vehicle control group, but had no effect on the expression of total GluA1 in the Sp5C. (B) Statistical analysis showed that ratio of pGluA1-Ser831/total GluA1 significantly increased following NTG injection. (C and D) NTG injection did not alter GluA1 phosphorylation at the Ser845 site in the Sp5C. *P < 0.05 vs the vehicle control group. n ¼ 6 for each group; The Student's t-test was performed. NTG, nitroglycerin; pGluA1, phosphorylated GluA1. Fig. 3 . Targeted mutation of AMPA receptor GluA1 Ser831 phosphorylation inhibits NTG-induced migraine-like pain. Compared to the WT mice, the GluA1 S831A mutant mice displayed marked inhibition in NTG-produced photophobia and mechanical hypersensitivity. (A) In the light-aversive behavior test, the time spent in dark compartment following NTG injection significantly decreased in the mutant mice compared to that in the WT mice. (B) In the paw withdrawal threshold test, the mutant mice showed increased paw withdrawal thresholds at 2 h post-NTG compared to those in the WT mice. (C) In the orofacial mechanical hypersensitivity test, the mutant mice showed increased head withdrawal thresholds at 2 h post-NTG compared to those in the WT mice. *P < 0.05 vs baseline, # P < 0.05 vs the WT mice. n ¼ 6 for the WT mice and n ¼ 5 for the mutant mice; two-way ANOVA with the post-hoc Student-Newman-Keuls test was performed. WT, wild-type.
receptors in NTG-induced migraine-like pain, we injected NASPM into the Sp5C and examined the effect of blockage of Ca 2þ -permeable AMPA receptors on migraine-like pain in the NTG model. In the paw withdrawal threshold test, we found that unilateral intra-Sp5C injection of NASPM (0.5 ml, 3 mM) partially inhibited NTG-induced mechanical pain in ipsilateral hindpaw (Fig. 5A ), but not contralateral hindpaw (Fig. 5B ). In the orofacial mechanical hypersensitivity test, we found that bilateral intra-Sp5C NASPM also partially inhibited NTG-induced trigeminal nerve V1-mediated orofacial mechanical hypersensitivity (Fig. 5C ). However, we did not observe the influence of intra-Sp5C NASPM on NTGinduced light-aversive behavior (Fig. 5D) . As a control, intra-Sp5C injection of NASPM alone had no significant effect on baseline values of all behaviors (Fig. 5A/D) . Taken together, these results suggest that AMPA receptor phosphorylation-produced switch from Ca 2þ -impermeable to Ca 2þ -permeable receptors in the Sp5C contributes to NTG-induced mechanical hypersensitivity.
Both NTG and NASPM have no side effects on locomotor function of mice
To exclude potential toxic effects produced by NTG (10 mg/kg, i.
p.) and/or NASPM (0.5 ml, 3 mM, intra-Sp5C) administration, we performed locomotor function testing using a rotarod apparatus. We recorded falling speed and time to fall off the rod before and after treatment with the two drugs. Our data showed that both NTG and NASPM used in this study had no effect on the falling speed ( Fig. 6A ) and the time to fall (Fig. 6B) in the rotarod test, suggesting that the mice administered with the two drugs have normal locomotor function.
Discussion
Migraine headache substantially impairs quality of life in migraineurs. Despite its high prevalence, the underlying mechanisms are not fully understood and thereby its treatment remains inadequate. NTG, a donor of nitric oxide (Li et al., 2016; Neeb and Reuter, 2007; Pardutz et al., 2007; Varga et al., 2009) , or mimicking the effect of nitric oxide intracellularly by activating guanylate cyclase at low concentrations (Kleschyov et al., 2003) , has been widely used as an experimental agent to induce migraine-like pain in biomedical research. Previous studies demonstrate that NTG administration causes a delayed migraine-like pain in migraineurs and an immediate headache in both migraine sufferers and healthy subjects (Ashina et al., 2013; Olesen, 2008; Thomsen et al., 1994) . Because NTG-produced nitric oxide can modulate cortical spreading depression in humans and rodents (Petzold et al., 2008) and NTG can also enhance the propagation of cortical spreading depression (Knapp et al., 2017) , the NTG-induced migraine model might display the cortical spreading depressionmediated aura. The administration of NTG not only triggers migraine in humans, but also produces cutaneous hyperalgesia in rodents (Ramachandran et al., 2012; Tassorelli et al., 2003) . In the present study, we used the NTG-induced migraine-like pain model to investigate the molecular mechanisms by which migraine headache develops. We measured mechanical hypersensitivity induced by NTG injection in both paw and head. Recently, we used Mouse Grimace Scale to test spontaneous pain following NTG administration and observed that NTG caused immediate spontaneous pain indicated by facial expression alteration (supplemental figure 1) , suggesting that the NTG model can be used to study WT, wild-type; NTG, nitroglycerin; NASPM, 1-naphthyl acetyl spermine.
migraine-like pain. Typical migraine headache is unilateral and localized pain in the frontotemporal and ocular area, but the pain may be felt anywhere around the head or neck. The unilateral head pain has been reported in a genetic mouse model of migraine (Chanda et al., 2013) . In the systemically injected NTG model, we did not observe the difference of pain behaviors between left and right sides of the mouse head, which is consistent with other studies (Farkas et al., 2016; Pradhan et al., 2014) using this model. We revealed for the first time that AMPA receptor GluA1 Ser831 phosphorylation in the Sp5C is critical for the development of NTGinduced migraine-like pain, and that the phosphorylationmediated switch from Ca 2þ -impermeable to Ca 2þ -permeable AMPA receptors in the Sp5C contributes to the pathogenesis of such pain. Our results suggest that by enhancing GluA1 Ser831 phosphorylation, systemic administration of NTG can increase the expression of Ca 2þ -permeable AMPA receptors and in turn promote Ca 2þ influx and activate Ca 2þ -dependent kinases, thereby further enhancing AMPA receptor phosphorylation. And this positive feedback loop may play an important role in the development of NTG-induced migraine-like pain. In the NTG model, we observed that both paw withdrawal threshold and head withdrawal threshold were similarly influenced by targeted mutation of GluA1 Ser831 phosphorylation site and blockade of Ca 2þ -permeable AMPA receptors, indicating that the NTG-induced migraine-like pain is not just trigeminal pain. Migraine-like pain induced by dural afferent sensitization in rats also includes behavioral alterations in NASPM had no effect on NTG-induced light-aversive behavior. As a control, intra-Sp5C injection of NASPM alone had no significant effect on baseline values of all behaviors. *P < 0.05 vs baseline, # P < 0.05 vs the "Saline þ NTG" group. n ¼ 6À10 for each group; two-way ANOVA with the post-hoc Student-Newman-Keuls test was performed. NTG, nitroglycerin; NASPM, 1-naphthyl acetyl spermine. Fig. 6 . Both NTG and NASPM have no side effects on locomotor function of mice. A rotarod test was performed to assess locomotor function of mice. We recorded falling speed and time to fall off the rod before and after treatment with NTG or NASPM. (A and B) Both NTG and NASPM in the doses used in this study had no effect on the falling speed (A) and the time to fall (B) in the rotarod test. n ¼ 6 for each group; two-way ANOVA with the post-hoc Student-Newman-Keuls test was performed. NTG, nitroglycerin; NASPM, 1-naphthyl acetyl spermine. both paw and head withdrawal (Yan et al., 2011 (Yan et al., , 2012 .
AMPA receptors are composed of four subunits including GluA1, GluA2, GluA3, and GluA4 (Ozawa et al., 1998; Parsons et al., 2005; Traynelis et al., 2010) . Among the four AMPA receptor subunits, GluA1 is the most abundant and highly concentrated in the Sp5C (McCulloch et al., 2013) . In this study, we found that systemic injection of NTG time-dependently enhances GluA1 phosphorylation at the Ser831 site in the Sp5C, but does not alter total GluA1 of Sp5C, suggesting that Sp5C GluA1 phosphorylation may be involved in NTG-induced migraine-like pain. By using GluA1 S831A phosphodeficient mutant mice, we further found that targeted mutation of GluA1 Ser831 phosphorylation markedly inhibits NTG-produced photophobia and mechanical hypersensitivity. Photophobia is a diagnostic feature of migraine, and it is an abnormal discomfort to non-noxious levels of light (Farkas et al., 2016; Mason et al., 2017) . Together, our data indicate that Sp5C GluA1 phosphorylation plays a key role in the development of NTG-induced migraine-like pain.
In the C-terminus of GluA1, both Ser831 and Ser845 sites can be phosphorylated by different protein kinases (Barria et al., 1997; Mammen et al., 1997; Roche et al., 1996) . GluA1 Ser831 is phosphorylated by calcium/calmodulin dependent protein kinase II and protein kinase C, whereas GluA1 Ser845 is phosphorylated by protein kinase A (Barria et al., 1997; Mammen et al., 1997; Roche et al., 1996) . Genetically modified mice with knock-in mutations that block phosphorylation at both Ser831 and Ser845 sites of GluA1 show disturbances in synaptic plasticity and learning (Lee et al., 2003) . However, GluA1 phosphorylation at the Ser831 and Ser845 sites affects AMPA receptors in different ways. The Ser831 phosphorylation increases GluA1 single channel conductance and open probability (Banke et al., 2001; Derkach et al., 1999) whereas the Ser845 phosphorylation stabilizes GluA1 homomers (He et al., 2009 ). In our study, the NTG-enhanced GluA1 phosphorylation occurs specifically at the Ser831 site, but not Ser845 site, suggesting that GluA1 phosphorylation at the two sites may play distinct roles in central sensitization of nociceptive transmission. Based on our data, GluA1 Ser831 phosphorylation could be used as a potential target to develop a new therapy for migraine headache.
It has been demonstrated that AMPA receptor phosphorylation activities promote the receptor trafficking (Choi et al., 2010; Fang et al., 2003; Lu et al., 2008; Park et al., 2009) -permeable AMPA receptors promotes nociceptive plasticity and increases long-term potentiation and long-lasting inflammatory hyperalgesia (Hartmann et al., 2004; Youn et al., 2008 In conclusion, our study demonstrates that regulation of AMPA receptor GluA1 phosphorylation in the Sp5C is an important molecular mechanism for NTG-induced migraine-like pain. The phosphorylation-triggered AMPA receptor switch can enhance Ca 2þ influx, activate intracellular protein kinases, and further upregulate AMPA receptor phosphorylation. The positive feedback loop could underlie the pathophysiology of migraine-like pain.
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